It is not known how biofilms affect seismic wave propagation in porous media. Such knowledge is critical for assessing the utility of seismic techniques for imaging biofilm development and their effects in field settings. Acoustic wave data were acquired over a two-dimensional region of a microbial-stimulated sand column and an unstimulated sand column. The acoustic signals from the unstimulated column were relatively uniform over the 2D scan region. The data from the microbial-stimulated column exhibited a high degree of spatial heterogeneity in the acoustic wave amplitude, with some regions exhibiting significant increases in attenuation while others exhibited decreases. Environmental scanning electron microscopy showed differences in the structure of the biofilm between regions of increased and decreased acoustic wave amplitude.
Introduction

1
Bioclogging caused by biofilm development is a phenomenon that can cause significant changes in the physical properties of porous media including porosity and permeability changes that influence fluid flow and transport properties [e.g., Baveye et al., 1998 ] and remediation efforts. Numerical models and simulations have been developed to qualitatively forecast the change in hydraulic properties of a porous medium from bioclogging [e.g., Brovelli et al., 2009] .
Bioclogging processes are dynamic and are influenced by many phenomena including initial heterogeneities in biomass distribution as well as the physical properties of the porous medium [e.g., Brovelli et al., 2009] . A major difficulty inherent with experimental modeling approaches is that in situ quantitative information from direct observation of biological growth and clogging from field data is difficult to obtain at the appropriate spatiotemporal scales needed for model validation [Dupin and McCarty, 2000] . Minimally invasive diagnostic techniques are needed to provide near real-time information of the spatiotemporal distribution of biofilms in porous media for validating predictive models and for monitoring microbial growth in situ. Although several studies have investigated the rheological properties of biofilms in laboratory settings [e.g., Stoodley et al., 1999] , it is not known how biofilms affect seismic wave propagation in porous media. Such an understanding is critical for assessing the utility of seismic techniques for imaging biofilm spatial heterogeneity and their effects on porous media in field settings.
To date, most biogeophysical investigations have focused on geoelectrical techniques [Atekwana et al., 2006] . Apart from a few studies [e.g., Williams et al., 2005; DeJong et al., 2006] , less attention has been given to the effects of microbial interactions with geologic media on elastic properties, hence questions remain about the effect of microbial growth and biofilm formation in porous media on acoustic wave propagation in the absence of biomineralization.
The work described in this letter investigates the influence of biofilm formation on the 2 spatiotemporal seismic properties of porous media. We show for the first time that variations in biofilm structure/texture cause heterogeneity in acoustic wave attenuation of porous media.
Materials and Methods
Prismatic experimental columns, measuring 102 mm by 51 mm by 254 mm (width x depth x height), were fabricated using 3.2 mm thick clear acrylic. The columns were wet-packed with coarse grain (0.6-1.18 mm) ASTM 20/30 silica sand (Ottawa, IL). Prior to packing, the sands were washed with deionized (DI) water and disinfected by autoclaving. Columns and accessory equipment were also disinfected by rinsing with a 70% ethanol solution. Prior to saturation with the experimental fluids, the sand-packed columns were saturated with sterile 25% Bushnell Haas (BH) nutrient broth (Becton Dickinson) and baseline acoustic measurements were recorded.
After initial background measurements, microbial growth was stimulated in one sand column (biostimulated column) by saturating with 25% BH nutrient broth, 30 mM glucose, Pseudomonas aeruginosa PAO1 wild type bacteria culture, and 30 µg/mL Gentamicin antibiotic.
The bacteria strain (specifically PAO1 Tn7-Gm-gfp) was obtained from the University of Denmark (Lyngby, Denmark), where previous studies with this bacteria strain have been conducted [e.g., Pamp and Tolker-Nielsen, 2007] . The other column (unstimulated column) was used for background measurements and was saturated with 25% BH and Gentamicin antibiotic.
The Gentamicin antibiotic was added to both the biostimulated and unstimulated columns to inhibit the growth of microorganisms other than the P. aeruginosa in the biostimulated column.
Acoustic Wave Measurements
A full-waveform acoustic wave imaging system was used to obtain two-dimensional point-bypoint maps of the acoustic response of the samples [e.g., Acosta-Colon et al.; . The acoustic imaging system used two water-coupled plane-wave transducers (1 MHz central frequency) for the source and receiver. The columns were placed in a water tank to a depth 2/3 the length of a column, and remained in situ at laboratory temperature (22) (23) (24) o C) for the duration of the experiment. Using the acoustic mapping mode (C-scan), computer-controlled linear actuators (Newport 850-B4 and Motion Master 2000) were used to move the source and receiver in unison over a 60 mm by 70 mm region in 5 mm increments. A pulse generator (Panametrics PR1500) was used to excite the source and to receive the transmitted signal from the receiver. At each point in the 2D scan region, a 100 microsecond window of the transmitted signal was recorded and digitized with an oscilloscope (Lecroy 9314L). The entire 2D region was scanned 2-3 times per week for the 29 day duration of the experiment.
Sampling and Analyses
Fluid samples were collected 1-2 times per week from the bottom valve of the columns. The pH was measured using a bench-top probe immediately after fluids were withdrawn. Upon termination of the experiment, the columns were destructively sampled by withdrawing cores of the wet sand (core diameter ~ 6 mm) in a grid-like fashion (15 mm by 15 mm grid) from the acoustic scan region. The sand cores were used for environmental scanning electron microscopy (FEI Quanta 600 ESEM) to image and characterize the surfaces of the sand grains.
Results
Acoustic Wave Monitoring
A time-frequency analysis [Nolte et al., 2000] is consistent for all of the select data points plotted (Figure 2b ; Locations A-E).
Geochemical Monitoring
The pH values from the biostimulated column steadily decreased from a baseline pH of 7 to near 4.4 on Day 12, and remained at a pH of 4.4 through Day 20 (data not shown). From the unstimulated column, a pH of 7 was consistent throughout the duration of the experiment.
Sand Surface Imaging
Representative ESEM images from the columns sampled at the end of the experiment are shown on Figure 1c . Samples from an area of increased acoustic amplitude (location A, Figure   1a ) in the biostimulated column shows a rough textured surface which appears to have a patchy 
Discussion and Conclusions
In this study the compressional wave amplitude was observed to differ both temporally and spatially, between the biostimulated and unstimulated columns (Figure 1 ). Compressional wave amplitudes in the biostimulated column became more spatially variable while the acoustic response of the unstimulated column homogenized over time. While the changes observed in the unstimulated column (<20%) are not insignificant (Figure 2b ), they are far less than the measured changes from the biostimulated column and consistent for all of the select data points.
Hence we attribute the changes in the latter to particle settling. Except for a few locations (e.g., The bacteria culture used in this study (P. aeruginosa) is capable of producing different types of biofilms, depending on the environment [e.g., Friedman and Kolter, 2004] , and formation of these biofilms is documented to occur in different stages [e.g., Davey et al., 2003] . Initial stages in the formation of P. aeruginosa biofilms are characterized by the attachment of planktonic cells to solid surfaces. Initial attachment is followed by colonization of the surfaces followed by the production of extrapolymer substances (alginate -a viscous gum) that embed the reproducing cells allowing them to form microcolonies and build thick biofilms. One characteristic of the P.
aeruginosa biofilms described in the literature [e.g., Davey et al., 2003; Pamp and TolkerNielsen, 2007] is the presence of macrocolonies surrounded by large void spaces or open, dark fluid-filled channels, through which the lower levels of bacteria in the biofilm are thought to dispose of accumulating waste products (e.g., see panel B, Figure 1c ). The ESEM images (panel A and B, Figure 1c ) obtained from the biostimulated column show apparent qualitative differences in the texture of the attached biofilm between areas of increased and decreased amplitude. We hypothesize that differences in the measured amplitudes reflect differences in the structure/texture of the attached biofilms in the biostimulated column.
Acoustic properties of porous media are generally dependant on the bulk modulus of the saturating fluid [e.g., Knight and Nolen-Hoeksema, 1990] , the elastic moduli of the solid media [e.g., Ecker et al., 1998 ], and the solid-fluid interactions [e.g., Clark et al., 1980] . Energy loss mechanisms for fluid-saturated porous media fall into three categories: viscoelastic loss, fluid-7 solid surface physiochemical loss, and scattering loss [Li et al., 2001] . Generally, decreases in acoustic amplitude result from biogenic gas production or the weakening of grain contacts (physical/chemical alteration of surfaces and/or grain contacts [e.g., Murphy et al., 1984; Clark et al., 1980] ) in porous media, both of which reduce the elastic moduli and are manifested by delays and attenuation of acoustic waves. We observed no gas bubble formation in the biostimulated column. Hence, we hypothesize that the presence of biofilms caused the changes in elastic properties of the sample which is consistent with studies that suggest that soft and patchy structures like biofilm surfaces result in the effective attenuation of sound [e.g., Janknecht
and Melo, 2003].
Increases in acoustic amplitude may result from increases in the bulk modulus of the solid media [e.g., Li et al., 2001] through the stiffening of grain contacts. Hence it is possible that in the regions of increased amplitude, the extrapolymer substances resulted in enhanced coupling between grains, whereas areas of decreased amplitude may be explained by viscous losses or physiochemical alterations at grain contacts due to the nature of the biofilms. We note that during ESEM imaging of the sand samples from regions with increased amplitude (Figure 1a ;
Location A), individual bacterial cells were not clearly distinguishable until the operating temperature of the ESEM was raised from 5 to 20°C, and the relative humidity was decreased from 89% to 14%, which effectively dried out the sample/biomaterial. However, individual cells and attached biomass on sand samples collected from Location B (Figure 1a ), were evident immediately upon viewing with the ESEM (at 5°C and 89%) and remained virtually the same in appearance when the temperature was increased to 20°C (images not shown).
Wave scattering or interference from spatial heterogeneity of the medium is another mechanism that affects wave attenuation. The biostimulated sample did not exhibit biogenic gas 8 formation, which suggests that air bubbles are not a source of scattering. The density contrast between water-saturated sediment and the biofilm-microbially altered sediment is not large.
Thus, a potential source of scattering is a spatial variation in elastic or viscoelastic moduli from microbial alteration of the grain contact, pore-filling material and/or biofilm connecting grains.
Our investigation shows that acoustic imaging techniques are sensitive to spatiotemporal changes in porous media caused by enhanced microbial growth of a biofilm forming bacteria culture. While the exact microbial-induced mechanisms for the variations in amplitude are yet unclear, we speculate that the differences in amplitude arise from a non-uniform distribution of microbial activity or possible heterogeneity in the biomass distribution and biofilm morphology.
The applicability of our laboratory measurements to the field scale will depend on spatial and temporal dispersion. Temporal dispersion connects frequency-dependent attenuation and velocity with elastic moduli, i.e. changes at grain contacts or pore-filling. Spatial dispersion connects wavelength with the size of the scatterer, i.e., the size and/or spatial correlation length of microbially altered regions. Increasing or decreasing attenuation with frequency will provide information on the size of the altered region and on the spatiotemporal distribution of biomass/bioclogging development. 
